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PHYSICAL,  MAGHETIC  &  ELECTRICAL  PROPERTIES 
OF  SCALE  FROM  SILICOH  STEEL. 


Introduction 


It  is  a  well  known  fact  that  when  steel  is  heated,  the  ex- 
posed surfaces  combine  chemically  with  surrounding  gases  and  form 
a  thin  scale.        Such  formations  appear  vhen  steel  is  ta>en  from 
rolling  mills  and  the  thickness  thereof  is  usually  greater  after 
materials  are  subjected  to  annealing  processes.        In  thin  sheets, 
the  scale  on  both  sides  is  usually  sufficient  to  amount  to  about 
10$  of  the  total  cross  section.      In  silicon  steels,  this  scale  is 
usually  in  flakes  and  sometimes  may  be  easily  removed  from  the 
sheets.      Often  large  sections  may  be  peeled  off,  in  which  manner 
samples  v.ere  obtained  for  this  investigation. 

The  study  of  steel  scales  and  a  knowledge  of  their  prop- 
erties are  desirable  for  several  reasons: 

1)  To  determine  effect  of  scale  in  electrical  machines 

wherein  the  scale  occupies  a  portion  of  a  section 
of  a  magnetic  core. 

2)  For  assistance  in  determining  magnetic  laws  for  mat- 

erials wherein  scale  exists,  thus  rendering  test 
specimens  non-homogeneous  and  thereby  causing 
changes  in  flux  paths.      Such  phenomena  possibly 
account  for  the  apparent  increases  in  hysteresis 
exponent  at  high  inductions,  deviations  in  reluct- 
ivity curves  from  straight  lines,  etc. 

3^     The  fact  that  scale  is  thin  and  has  fairly  good  per- 
meability and  high  resistivity  places  it  as  a 
desirable  material  for  cores  in  machines  and  trans- 
formers of  high  frequency.      The  resistivity  being 
high  and  the  permeability  being  lower  than  that  of 
ordinary  steel  gives  deeper  penetration  as  regards 
skin  effect,  which  is  also  an  important  consider- 
ati  on. 
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The  present  thesis  covers  tests  made  on  soale  from  two 
varieties  of  X-l  steel,  which  is  a  transformer  grade  containing  3.5 
to  4.3$  silicon.        One  variety  of  scale  vas  obtained  from  steel 
annealed  in  the  ordinary  way,  which  is  herein  referred  to  as  "mill 
annealed".      The  second  variety  was  obtained  from  steel  annealed  at 
high  temperature  in  a  vacuum  furnace,  which  will  be  herein  desig- 
nated as  "vacuum  annealed  scale". 

I. 

SCALB  FROM  IJILL  AMB^P  STKEL. 
Physical  Appearance  and  Size  of  Sample.     The  scale  from 
mill  annealed  silicon  steel  is  dark  grey  in  color,  is  somewhat  pitted 
and  is  fairly  rough.      The  material  is  reasonably  tough,  but  is  of 
course  much  more  brittle  than  the  steel  itself.      The  sample  tested 
was  made  up  of  ring  punohings  8.89  cm.   (3.5" )  outer  diameter,  6.86 
cm.   (2.9")  inner  diameter  and  weighed  R5  grams  (0,187  lbs.).  The 
average  thickness  of  the  sheets  was  0.0064  cm.   (0.0025").     The  scale 
was  obtained  from  sheets  0.035  cm.   ( 0.014" ) thick. 

Specific  Gravity.  The  specific  gravity  determinations  of 
this  soale  gave  5.54.      The  gravity  of  the  steel  itself  is  approx- 
imately 7.5.  ^ 

Ohemioal  Analysis.     The  first  analysis  of  this  material 
gave  the  following  results: 

Si.  7.02 
S  .047 
Mn.  .08 
0.  .054 

Analysis  for  oxygen  gave  1.2$,  which  was  rather  surprising 
as  scale  is  usually  considered  as  a  magnetic  oxide  which  would,  of 
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oourse,  have  a  larger  percent  oxygen. 

A  later,  and  probably  more  reliable,  analysis  gave: 


Si.  5,28  5.52 

S  ,047  .046 

P  .042  .041 

m  . 310  . 300 

C  .307  .300 

Total    Fe  75. R4  76.21 


Total    %  81,826  82.417 

As  before  stated,  the  analysis  for  oxygen  gave  only  1.2$, 
but  it  is  well  known  that  such  determinations  are  often  not  reliable. 
In  all  probability  the  18%  missing  in  above  tabulations  is  oxygen. 
We  know  that  all  of  the  silicon  and  some  of  the  iron  exists  as 
oxides.      Considering  the  silicon  to  appear  as  Si  Og,  and  assuming 
the  iron  in  the  oxide  form  to  be  in  Fe^  0^,  calculated  values  may  be 
derived  from  the  analysis  of  the  first  specimen  tabulated  above, 
giving  the  following  possible  chemical  content: 

Si  Oc  11.23 

S  .047 

P  .  042 

Mn  ,310 

C  307 
Pe  (free)  43! 764 

Fe3  04  44.3 

Total  100. 
The  above  table  of  possible  values  is  undoubtedly  not 
entirely  correct,  as  some  of  the  silicon  may  be  in  the  metallic  form 
and  the  iron  doubtless  appears,  not  only  as  metallic  iron  and  Peg  0^ , 
but  there  may  also  be  other  iron  oxides  present,  making  the  chemical 
contents  of  a  more  complicated  nature. 
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Resistivity .     A  sample  of  mill  annealed  scale  0.0050  cm, 

(0.0C2*')  thick  was  secured  for  resistivity  measurements.      The  aver- 

5 

age  of  the  measurements  gave  a  resistivity  of  126.2  microhms  per  cm 
at  25°C.      The  individual  values  varied  from  107.  to  157.      A  test 
on  0.0064  cm  (0.0025^)  scale  gave  140  microhms  per  cm  ,  which  lies 
within  the  results  obtained  on  the  thicker  scale.      Resistivity  of 
silicon  sheet  steel,  such  as  produced  this  scale,  is  usually  between 
55  and  60  microhms.      Ordinary  sheet  steel  gives  12,  cast  iron  80  to 
85  microhms. 

Core  Loss,     Gore  loss  tests  v.ere  made  on  the  ring  sample,  at 
60  cycles  and  30  cycles,  at  inductions  of  from    B  -  2000  to  B  r  7500. 
The  results  of  tests  are  shown  on  Ourve,  Fig.  1.      Data  derived  from 
the  curves  are  tabulated  with  the  discussion  of  the  hysteresis  loss. 

Hysteresis  Loss.     The  hysteresis  loss  at  various  densities 
was  determined  by  the  separation  method.      This  was  done  by  taking 
values  from  the  core  loss  curves  at  60  cycles  and  30  cycles  and  ob- 
taining the  loss  per  cycle,  as  shovn  in  Table  I. 

TABLE  I. 

Total  Losses         Loss  per  Cycle        Loss  per  cy.  at  60  cy. 


B  60  cy.      30  cy.        60  cy.      30  cy.     Hysteresis  Kddy 


7,500  17.4  8,5  0.29  0.283  0.276  0,014 

6,000  12.2  5.95  0.203  0.198  0.193  0.010 

5,000  9.0  4.4  0.15  0.147  0,144  0.006 

4,000  8.1  2.95  0.102  0.095  0.094  0.008 

3,000  3.6  1.70  0.06  0.057  0.054  0.006 

2,500  2.5  1.2  0.042  0.040  0.038  0.004 


From  the  above  table  the  hysteresis  losses  in  ergs  per  cm 
were  calculated,  and  the  logarithms  of  the  losses  and  of  the  in- 
ductions taken  as  shown  in  Table  II. 
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TABT.K  II. 


B 

Hysteresis 
ergs  per  cm* 

Log.  B 

Log.  Hyst.   fx  : 

z     1.6  assumed) 

7,500 

33,700 

3.875 

4.528 

0.0222 

6.000 

S3, 570 

3,778 

4.373 

0.0212 

5.000 

17.580 

3.699 

4.246 

0.0212 

4.000 

11,475 

3. 60S 

4.060 

0.0198 

3.000 

6,595 

3.477 

3.819 

0.0180 

2,000 

4,640 

3.398 

3.667 

0.0170 

Avg.  0.0199 

A  plot  of  the  log.  hysteresis  -  log.  B  is  shown  in 


Fig.  2. 

In  order  to  find  the  value  of  the  constants  in  the  Stein- 
metz  equation    h  -  T[  B  *      the  slope  of  the  line  log.  h  -  log.  B  was 
next  determined  and  evaluated  by  the   £  A    method.*        Taking  all  of 
the  above  points,  the  slope  of  the  line,  vhieh  is  the  value  of  x 
in  the  equation,  proves  to  be  1.83.      Considering  the  points  lying 
on  the  line,  re  obtain  1.85.       The  most  reasonable  value  is  appar- 
ently found  by  taking  the  three  highest  points.        The  slope  of  a 
line  determined  from  this  point  is  1.603.  or  practically  1.6,  as  has 
been  found  for  a  variety  of  magnetic  materials. 

In  order  to  evaluate  and  to  have  values  comparable 

vith  constants  for  other  materials,  it  is  best  to  assume    x  -  1.6. 
The  values  of  so  obtained  are  given  in  the  last  column  of  Table 

II.      The  average  value  is  0.0199.      The  average  of  the  three 
highest  points  is  0.0216.      From  the  nature  of  the  tests,  the  above 
results,  especially  at  lov,  values,  are  likely  to  be  somewhat  in 
error. 

Hysteresis  losses  were  also  taken  by  the  usual  ballistic 
x    "Engineering  Mathematics"     -  Steinmetz. 
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galvanometer  method*      Loops  were  obtained  at    B=  4.487    and    B  - 
3,639,     and  are  shown  in  Fig.  3  and  Fig.  4  respectively.        The  in- 
tegration of  the  loops  gives  values  shown  in  Table  III,  v herein  the 
logarithms  of  the  values  are  included. 

TABLE  III. 


Hysteresis  „  (  x  -  1.6 

B  ergs  per  cm*        Log.  B  Log.  Hyst.  assumed). 


4,480  15,010  3,651  4.176  0.0216 

3,640  10,795  3.561  4.033  0.0216 

Obtaining  the  slope  of  the  log.  h  -  log.  B  line,  v/e  have 
1.59.      These  points  are  shovn  together  v  ith  hysteresis  points  ob- 
tained from  the  core  loss  curves  in  Fig.  2.      Assuming    x  =  1.6  for 
the  ballistic  values,  we  find    \    -  0,0216,    vhioh  agrees  with  the 
three  upper  points  before  mentioned.        V/e  may  therefore,  with 
reasonable  accuracy,  express  the  hysteresis  loss  of  this  sample  as 
h  -    0.0216  B1*6. 


Eddy  Current  Losses,     For  the  core  loss  curves,  the  eddy 
losses  were  found  to  be  as  shown  in  Table  I.      These  losses  are  not 
consistent,  as  good  results  would  not  be  expected  by  the  method  of 
test  used  and  the  high  hysteresis  to  be  subtracted  from  the  core  loss 
which  is  mostly  hysteresis.      The  eddy  losses  are  high,  which  is  pro- 
bably due  to  the  fact  that  the  sample  was  taken  as  a  bulk,  with  no 
effort  to  insulate  laminations  from  each  other.      The  eddy  loss  fig- 
ures in  Table  I  are  therefore,  not  to  be  considered  as  reliable, 
although  sufficiently  so  to  use  for  hysteresis  determinations  in  the 
table  wherein  they  were  so  used. 
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MA.GNP1TT NATION ,  PERMEABILITY  RELUCTIVITY 

Two  tests  for  magnetization  curves  vere  made  and  found 
to  be  within  pood  agreement.      The  method  of  test  was  the  common  cne 
of  reversing  various  currents  in  a  magnetizing  winding,  and  noting 
flux  change  by  means  of  a  ballistic  galvanometer.      Results  of  these 
tests  are  given  in  Table  IV,  and  the  average  of  the  two  tests  is 


plotted  in  Fig.  5.      On  this  sheet  are  plotted  the  B,  -E,  BQ  -  E, 


B  -yu^ 

,  and 

reluctivity 

h  -  r 

curves. 

The  reluctivity, 

which  ii 

the  reciprocal  of  the  permeability,  gives 

practically  a  straight  1: 

from 

E  =  40, 

vhich  condition  is 

found  for 

various  metals. 

X 

TABLE  IV 

a 

try  a  r-.  4-  i 

rest  i 

B 

Test  2 

"^vg. 

^  *  B/E 

a0  =  B-H 

a         TJ  /TJ 

f  3  H/d0 

2 

94.9 

91. 

93. 

46.5 

91. 

C.C220 

3 

149. 

144.7 

147. 

49.0 

144, 

0.0208 

5 

287.7 

278, 

283. 

55.6 

278. 

0.0180 

10 

918. 

\  879. 

899. 

89.9 

890. 

0.0112 

20 

2960. 

2991. 

2975. 

148.8 

2960. 

0.00675 

30 

4527. 

4497. 

4512. 

150.6 

4480. 

0.00670 

40 

5266. 

5283. 

5275. 

132,0 

5235. 

0.00764 

50 

5740. 

577C. 

5755. 

115.0 

5705. 

0.00875 

60 

6064. 

6121. 

6093. 

101.5 

6030. 

0.00995 

70 

6290. 

638C. 

6335. 

90.5 

6265. 

0.0112 

80 

6514. 

6600. 

6557. 

82.0 

6480. 

0.0123 

90 

6696. 

6781. 

6739. 

74.9 

6650. 

0.0135 

100 

6890. 

6920. 

6905. 

69.1 

6805. 

0.0147 

11C 

6964. 

7054. 

7009. 

63.6 

6900. 

0.C160 

120 

7083. 

7190. 

7136. 

59.4 

7010. 

0.0171 

130 

7187. 

7338. 

7260. 

56.0 

7130. 

0.0182 

140 

7306. 

7466. 

7386. 

52.6 

7250. 

0.0193 

150 

7425. 

7555. 

7490. 

50.0 

7340. 

0.0205 

X  Trans,  A.I.E.E.,  Vol.  VIII,  1891,  pp.  485-517     -     A.  E.  TCennelly. 
G.  E.  Review,  Vol.  XVI,  1913,   pp.   750-754.  -     J.  D.  Ball. 
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Kxamination  of  Fig,  5  shows  the  reluctivity  curve  to  be 
a  straight  line  from    H  -  40    to    H  =120,  at  vhioh  latter  value  the 
line  bends  slightly.      Prom    E  »  120  to  the  end,  the  points  also  lie 
on  a  straight  line.      Taking  the  equation  of  this  line  as  f        +  H 
and  evaluating  the  constants  by  the  £A    method,  gives 

Prom    H    s  40  to    H  «  120: 

f  =  0,00288  +  0.000118  H 
Saturation    B    =    1    =  8.450 
Prom    H    =    120  on: 

f  =    0.0036  +  0.000113  H 
Saturation  =  8.900. 

Prom  these  equations  we  may  find  the  equations  of  the 

magnetization  curves  to  be: 

Prom    H    =40    to    H    =  120 

B     =  H   +  H 

0.00288  +  0.000118  H 

Prom    H    =    120  on: 

B     =   H   +  H 

0.0036  +  0.000113  H 

The  maximum  permeability  of  the  material  is  about  154 
at  an  induction    B  =  3,700, 

SKIH  EPPTCCT 

As  mentioned  in  the  introductory  remarks,  steel  scale  is 
a  material  which  has  a  valuable  application  for  high  frequency  appar- 
atus , 

The  low  permeability,  high  resistivity  and  thin  sheets 
contribute  to  good  results  considering  the  skin  effect.  Assuming 
the  scale  as  carrying  flux,  the  effective  depth  of  penetration  Lp 
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in  cm.  would  be  according  to  the  Steinmetz  formula. 

3570 


wherein 


A  r      electrical  conductivity 
yu/ =      magnetic  permeability 
f  s      frequency  in  cycles  per  sec. 
The  permeability  varies,  of  course,  vith  the  flux 
density.      We  may  assume  for  permeability  a  value yw/     =  60. 


1 

average  conductivity  is   . —  -  7.920, 

126,2 

At  10,000  cycles 


L    :  3570  =  0.0518  cm. 

\/7,92C  x  60  x  10.000 

Assuming  the  thickness  of  the  scale  is  0.C064  cm.     1Q  or 
1/2  of  the  thickness  is  0.0032,        This  shows  the  penetration    Lp  is 
greater  than  1/2  thickness  10,  therefore  there  is  no  appreciable 
skin  effect  at  10,000  cycles.      The  maximum  allowable  thickness  of 
scale  which  has  no  appreciable  skin  effect  at  10,000  cycles  would  be 
0.1036  cm,   (0,0408").       The  maximum  frequency  at  vhich  no  appreciable 
skin  effect  would  be  in  evidence,  would  be  found  by  letting    Lp  - 
0.0032  and  solving  for    f    which  gives  2,600,000  cycles. 

PROPERTIES  AT  HIGH  FRSrUSHQY. 

A  sample  of  the  same  size  punchings,  but  of  less  v eight, 
vas  built  up  into  a  test  sample  for  determining  the  properties  at 
high  frequency.        A  test  was  made  at  10,000  cycles,  but  the  results 

obtained  were  not  at  all  consistent.      Tests  vere  made  at  97,000 
cycles  and  50,000  cycles,  and  repeated  trials  gave  close  checks  vith 
the  first  tests.      The  results  are  given  in  Pig.  6,  from  which 
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Table  V  was  computed. 

TABLE  V. 

Hysteresis  loss  Loss  per  cycle  at 
watts  per  lb.  Loss  per  cycle  97,000  cycles   


D 

y  r uou  oy. 

OUCL'l 

cy,  yvouu  cy.  doooo  cy« 

Hyst. 

Eddy 

1000 

1540 

570 

0.0159  0.0114 

0.0C66 

0.0093 

900 

1290 

490 

0.0133  0.0098 

0.0061 

0.0072 

800 

1060 

420 

0.0109  0.0084 

C.0057 

0.0052 

700 

860 

360 

C.C0887  0.0072 

0.00542 

0.00345 

600 

670 

300 

0.00691  0.0060 

0.00503 

0.00188 

500 

500 

250 

0.00515  0,0050 

0.CC484 

0.0003 

Hysteresis  ergs 

X 

B 

p«r  oy.  per  cm3        (x  = 

1.6  assumed) 

1000 

806 

0.0128 

900 

745 

0.0142 

800 

696 

0.0155 

700 

662 

0.0182 

600 

615 

C.0223 

500 

590 

0.0283 

The  results 

are  practically  self-explanatory. 

Values 

of  \ 

assuming  fx 

z  1. 

5)  are  given,  although  it 

vould  not 

be  ex- 

pected 

that  the  1, 

6  law 

would  hold  rigidly  at  these  low  inductions 

II. 

SCALE  FROM  VACUUM  AH  HEALED  STEEL 

Physical  Appearance  and  Size  of  Samples.     The  scale  from 
vacuum  annealed  steel  appears  to  be  much  smoother  than  scale  from 
mill  annealed  steel.      It  is  apparently  tougher  and  more  flexible. 
It  is  clean  and  very  much  whiter  than  the  usual  scale.      One  side  is 
a  dull  greyish  white,  while  the  other  side  has  a  brighter  shine  and 
closely  resembles  silver.      Two  samples  were  tested,  both  of  vhieh 
vere  made  up  of  ring  punchings  0.0056  cm  (0.0022")  thick.  One 


sample  measured,  outer  diameter  15. 25  cm,   (6"),  inner  diameter  10.15 
cm.   (4");     the  other  sample  was,  outer  diameter  8.89  cm.  (3.5M), 
inner  diameter  6.86  om.   (2. 7"), 

Specific  Gravity.     The  first  determinations  pave  a 
specific  gravity  of  5.54  for  both  mill  annealed  and  vacuum  annealed 
scale.      Core  loss  and  hysteresis  tests  were  calculated  on  this 
basis.        Subsequent  study  of  the  material  led  to  the  belief  that 
this  figure  was  lov  for  scale  from  vacuum  annealed  steel,  and  the 
analyses  were  repeated.       The  figure  5.54  was  confirmed  for  the  mill 
annealed  scale,  but  the  vacuum  annealed  product  gave  a  more  consis- 
tent figure  of  6. 07  at  15.5°0.      The  gravity  may  therefore,  be  con- 
sidered approximately  6,0.       The  core  loss  curves  and  hysteresis 
loops  have  not  been  altered, as  the  results  in  ergs,  upon  which  analy- 
sis of  results  are  based,  are  the  correct  figures. 

The  magnetization  curves  also  include  assumptions  of 
sp.gr.  =  5.54,  but  the  error  is  much  less  than  the  variation  in  mat- 
erial and  consequently  allowed  to  stand  as  originally  calculated. 
The  steel  from  which  the  scale  was  ta>en  has  a  specific  gravity  of 
practically  7.5  after  vacuum  anneal,  as  well  as  after  mill  anneal, 

Ghemioal  Analysis.     The  first  analysis  of  this  material 
gave  the  following  results: 

Si  7.03 
3  .148 
Mn  .  45 

0  . 054 

An  analysis  for  oxygen  gave  .73$,  but  this  is  undoubtedly 

not  correct. 

A  later  and  reliable  analysis  gave: 
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Si  6.72  5.48 

S  .113  .114 

P  .019  .018 

Mn  .20  . 20 

C  .180  . 142 

Total    Pe  78.50  78.50 


Total        84.632  84.454 


The  missing  15$  is  doubtless  oxygen,  as  most  of  the 

silicon  and  some  of  the  iron  is  present  in  the  oxide  state. 

Resistivity.  Samples  of  vacuum  annealed  scale  were  found 

3  r> 

to  have  an  average  resistivity  of  53.1  microhms  per  cm    at  25  C. 
The  individual  values  varied  from  30  to  78.      Previous  tests  on  this 
material  pave  from  60  to  65  microhms,  which  is  r ithin  the  limits  of 
the  tests  on  the  larger  number  of  samples.      These  values  are  on  the 
same  orcler  as  those  obtained  from  the  steel  itself. 

Temperature  Coefficient.     This  material  vas  measured  for 
temperature  coefficient.      The  average  figure  given  was  0.0059. 

Core  Loss.  Core  loss  curves  vere  made  on  the  15,25  cm. 
x  10,15  cm.  sample  at  60  cycles  and  30  cycles,  from  B  =  2,500  to 
B  s  7,000.  Results  are  shown  in  Fig,  7.  Data  derived  from  these 
curves  are  tabulated  with  the  discussion  of  the  hysteresis  loss,  A 
previous  core  loss  test  at  60  cycles  was  found  to  agree  with  the  60 
cycle  curve  in  Pig.  7. 

Hysteresis  Loss.      The  hysteresis  loss  at  various  densi- 
ties was  determined  by  the  separation  method.      This  was  done  by 
taking  values  from  the  core  loss  curves  at  60  cycles  and  30  cycles 
and  obtaining  the  loss  per  cycle,  as  shown  in  Table  VI. 
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TABLE    VI . 


1    AD  C*  A  O 

.'jOS  5r  G  S 

j  j  o  h  s  p  «  r 

v/yc  I*? 

Loss  per  Cycle 
at  60  Cycles 

B 

60  oy. 

SO  oy. 

60  oy. 

30  oy. 

Hyst. 

Kddy 

7,500 

6  000 

5,000 

5.52 
7i  8? 
2.80 

2.58 
1  85 
1.38 

C.C92 
0  0636 
0.0466 

0.0860 
0  0617 
0.04 60 

0.080C 
0.0598 
0.0454 

0.0120 
0  0038 
0.0012 

4,000 
2,000 
2,500 

1.90 
1.10 
0,80 

0.95 
0.56 
0.40 

0.0317 
0.0183 
0.0133 

0.0317 
0.0167 
0.0133 

0.0317 
0.0185 
0.0133 

From 

the  above 

table  the 

hysteresis  losses 

in  ergs 

on  were  calculated  and  the  logarithms  of  the  losses  and  of  the  in- 
ductions taken  as  shown  in  Table  VII. 


TABLTC  VII. 


B 


7,500 
8,000 
5,000 

4,000 
3,000 
2,500 


Hysteresis  „ 
ergs  per  era 


9,770 
•7,310 
5.550 

3.870 
2.260 
1.625 


Log.  B 


3.875 
3.  778 
3.699 

3.602 
3.477 
3.398 


Log.  Hyst.  (x  -  1.6 

assumed ) 


3.990 
3.864 
3.744 

3.588 
3.354 
3.211 


0.00616 
0.00656 
0.00670 

0.00668 
0.00618 
C.CC595 


Avg.  0.C0637 

A  plot  of  the  log.  hyst.  -  log.  B  is  shown  in  Pig.  8. 
Taking  the  five  upper  points  of  the  curve,  the  slope  given  by  the 
£^raethod  is  1,62.      Assuming    x  -  1.6    we  obtain  for  \   an  average 
of  .00637,      For  the  five  highest  points,  average  *h     =  0.00646. 

A  loop  was  taken  at    3  max.  =  5,876,  as  shown  in  Fig.  9. 
The  loss  was  found  to  be  ?,625  ergs  per  cm^ ,  assuming    x  -  1.6, 

=    0.00711.      We  may  therefore  assume  the  hysteresis  of  this 
material  to  be  approximately     h:    0,007  B1*6  or  about  30$  of  that 
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of  scale  from  mill  annealed  material.      That  the  hysteresis  loss  of 
silicon  sheet  steel  may  be  lowered  by  means  of  vacuum  anneal,  is  a 
well  known  fact. 

Eddy  Current  Losses,     Table  VI  shows  eddy  current  losses 
These  figures  are  not  reliable  and  apply  to  a  bulk  of  material 
rather  than  insulated  sheets  and  should  not  be  considered  as  repre- 
senting the  material  with  any  degree  of  accuracy. 

IJagnetization  t  Permeability,  and  Reluctivity.     The  two 
samples  previously  described  vere  tested  for  magnetization  curves. 
Results  of  the  tests  on  the  15.25  cm  x  10.15  cm,  ring  are  given  in 
Table  VIII.      The  magnetization,  permeability  and  reluctivity  curves 
are  plotted  in  Fig,  10.      The  reluctivity  curve  is  a  straight  line 
from    H  *  30    to    H  =  90,  and  also  a  straight  line  from    H  -  90  to 
H  =  200,  the  limit  of  the  test.      The  equations  of  the  lines  by  the 
method  are: 

From    H  r    30    to    H  =  90  : 

f-  C.0C137  +  C.C00111  H 
Saturation  B  =  9,000. 

Prom    H  =    90  on: 

f  -    0.00202  +  0.000104  H 
Saturation  B    -  9610. 
The  equations  of  the  magnetization  curves  are  therefore: 
From    H  =    30    to    H    -  90: 

B  S   +  H 

0.00137  +   C. 000111  H 
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TABLE  VIII, 


H 

B 

2  B/H 



BG  =  B  -  H 

e  =  h 

U.  «5 

TO  WQ 
1U.  fO 

«oo .  y 

11; .  o 

U, UcoD 

0.  0 

1  Q  CO 

i  n  a 

1  Q  O 

lo,  c, 

U .  U<i  fO 

1.0 

37.2 

37.2 

36.2 

0.0276 

AO  f\ 

(in  T 

oy .  x 

4  i  •  o 

U. U^b^ 

l.o 

cc  nt 

OO  4  O 

etc  o 

go,  y 

0t5,  o 

a  r\Ott a 
U. Uc"y 

2. 

131.2 

65.6 

129. 

0.0155 

3. 

210,  2 

70. 

207, 

/-\     a1  i  r 

0, 0145 

5. 

428. 

o  c 

86, 

423. 

0, 0118 

10. 

1919. 

192. 

1909. 

0,0053 

20. 

5060. 

253. 

C  A  >t  A 

5040. 

0. 0040 

250 . 

6337 . 

210. 

6307. 

/\    a  a  /  n 

0. 0048 

40. 

6876. 

171. 

6836. 

0.0058 

50. 

T7245. 

144. 

7195, 

0.0069 

60. 

7499. 

T  n  A 

124. 

7440. 

0. 0081 

70, 

7708. 

109. 

7640. 

0.0092 

80. 

7920. 

98. 

7840, 

^>      A1  O 

0. 0102 

90. 

8010. 

88. 

n  #^  aa 

"920. 

/*\       /"Nil  >i 

0. 0114 

100, 

HIV0. 

81. 

H070 , 

r\     a1  C>! 

0.0 lc4 

110. 

8250. 

74. 

8140. 

0.0135 

120. 

8375. 

69. 

8260. 

0.0145 

130. 

8430. 

64. 

8300 . 

0.0157 

140. 

8530. 

60. 

8390. 

0.0167 

150. 

8640. 

57. 

8490. 

0.0177 

200. 

8980. 

44. 

8780. 

0.0228 

Prom    H  r  90  orr 
B 


H. 


C.C0202  +  0.000104  H 
The  maximum  permeability  of  the  sample  is  about  257 

at    B  =  4,500, 

Tests  were  made  on  the  8.89  cm.  x  6.86  om.  ring,  v.hich 

showed  better  permeability  than  the  previous  results.      The  data  are 

given  in  Table  IX,  and  plotted  in  Pig.  11. 
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TABLT5  IX. 


H 

B 

B0  =  B  -  H 

C  -     /  o 

0.5 

80.7 

160. 

80.2 

0.00624 

1.0 

165.8 

165. 

165. 

0.0061 

1  5 

325.  5 

216. 

324. 

0. 0046 

2. 

461.9 

230. 

460. 

0.0044 

5. 

2385. 

476. 

2380. 

0.0021 

7.5 

3662. 

487. 

3655. 

0.CC205 

10. 

4570. 

457. 

4560. 

0.0022 

15. 

5405. 

359. 

3590. 

0. 0025 

20. 

5880. 

294. 

5860. 

0.0034 

30. 

6440. 

214. 

6410. 

0.0047 

40. 

6829. 

170. 

6790. 

0. 0059 

50. 

Mini 

7124. 

144. 

rt  A  M  c 

7075. 

0.0C71 

60. 

7340. 

124. 

7315. 

0.0082 

70. 

7529. 

110. 

7460. 

0.0094 

80. 

7749. 

96. 

7670. 

0.0104 

90. 

7908. 

88. 

7820. 

0.0115 

100. 

8074. 

81. 

7970. 

0.0125 

137.2 

8560. 

61. 

8420. 

0.0163 

The  maximum  permeability  of  this  sample  is  about  490 

at    B     r  3,500. 

The  equations  of  the  reluctivity  and  magnetization  were 

found  as  for  the  other  samples.      The  results  were  as  follows: 

From    H    =  10    to    H    r  70: 

f    z     0.00101  +  0.000121  H 

Saturation    B     =  8,300 

B     z   2   +  H 

0.00101  +  0.000121  H 

From    H     =     70    to    H  =     137.     f Limit  of  test): 

f  =     0.00215  +  0.000103  H 
Saturation    B     :  9,700 

B     -  II  +  g 

0.00215  +  0.000103  H 
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?.7.m  EFFECT 

The  skin  effect  of  this  material  is  more  marked  than 
for  the  mill  annealed  product,  because  of  its  lower  resistivity  and 
high  permeability.      Considering  the  permeability        -    200,  and  the 
conductivity  18,800,  the  penetration  Lp,  at  10,000  cycles  would  be 

Lp  -  3570   =    C.0194  cm. 

VL8.8C0  x  £00  x  10, SOU 

Assuming  the  thickness  of  the  scale  as  0.0056  cm.,  10 
or  1/2  of  the  thickness  is  0.C028.      Therefore,  there  is  no  apprec- 
iable skin  effect  at  10,000  cycles.      The  maximum  allowable  thick- 
ness of  scale,  v-hich  has  no  appreciable  skin  effect  at  10,000  cycles 
would  be  0,0388  cm.   (0.015").       The  maximum  frequency  at  vhioh  no 
appreciable  skin  effect  would  be  in  evidence  would  be  found  by  let- 
ting   Lp  z  0.0028    and  solving  for    f    ?hioh  gives  480,000  cycles. 

Ill 

SUMMARY    OF  RESULTS 

Examination  of  the  foregoing  data  indicates  that  the 
scale  from  vacuum  annealed  steel  does  not  represent  a  new  formation, 
but  rather  the  effect  of  annealing  the  mill  annealed  scale  in  a 
partially  reducing  atmosphere  and  getting  effects,  in  some  cases,  as 
would  be  expected  for  the  steel  itself.      Considering  the  magneti- 
zation curves,  the  values  of  and  the  resistivity,  we  find  scale 
has  these  properties  on  much  the  same  order  as  found  for  cast  iron. 
Magnetization  curves  of  XI  steel  cast  iron  and  the  samples  of  scale 
are  shov.n  in  Fig.  12. 
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Comparing  scale  from  vacuum  annealed  steel  with  mill 
annealed,  we  find  vacuum  annealed  scale  has: 

Higher  specific  gravity 
Higher  percent  of  iron 
Lower  resistivity 
Lower  core  losses 
Lower  hysteresis  losses 
Probably  higher  eddy  current  losses 
Higher  permeability 
Higher  saturation 
Greater  skin  effect. 

IS* 

TITS  APPARFUT  PFVTATTPN  ^F  SHFET  "TF^L  AT 
HIGH  IHBTTQTIOH^  FROM  THF  ^TFTICIFT?! 
LAW  AS  DUE  TO  THE  PREFERS  OP 
IMPURITIES  IN  FORM  OF  SO  ALB, 


One  of  the  principal  objects  of  investigating  scale  from 
silicon  steel  is  to  determine  the  nature  of  its  influence  on  the 
measured  hysteresis  of  sheet  steel  upon  which  scale  appears.  While 
the  present  thesis  by  no  means  covers  such  an  investigation,  the 
following  calculations  are  of  interest. 

We  will  first  take  a  typical  magnetization  curve  representing 
silicon  steel  as  entirely  free  from  scale  and  having  the  following 
characteristics: 

Saturation:      B  =  20  000 
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Maxiraum  permeability  yu/   -    5  OOC  occurring  at 

B      =    5  000,  or  at    H    =  1. 

In  the  equation  of  the  magnetization  curve , 

H 


B 


a   +    c/  H 


a*  would  then  be  — 1   or  0.00C05. 

20  OOC 

At    H       =  1, 

P   -  — I   =  0.0002 

*    "     5  000 

Also       f>    -     a      +     0.00005  H 
Prom  above       a     =    0.0002  -  0.00005  =  0.00015 
For  the  typical  magnetization  curve  we  then  have 

b„  .-   a  


0.0C015  ♦  0.00005  H 


Prom  this  equation  we  obtain  values  of  3  corresponding  to 
various  values  of    H    as  shown  in  Table  X,  in  which  Table,  the 
values  of    B    corresponding  to  the  same  values  of    H    are  given  for 
scale  from  silicon  steel,  which  values  are  taken  from  Pig.  5  and 
accompanying  data. 

Assuming  a  total  cross  section  area  of  steel  and  scale  as 
1  cm      of  which  90$  is  steel,  and  10%  scale,  the  flux  in  the  steel 
and  scale  are  given  in  Table  Z,  columns  4  and  5  respectively.  The 
total  flux,  or  apparent    B,     of  the  mixture  is  given  in  column  6. 

We  have  previously  found  that  in  the  Steinmetz  equation  for 
hysteresis;     an  average  of  certain  tests  gives  a  value  of  1^  s 
0.000675  for  silicon  steel.      The  present  investigation  shows  that 
for  scale         may  be  taken  as  0.0216.      Assuming  the  hysteresis  law 
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to  hold  throufhout  the  range  for  steel  free  from  impurities,  we  ob- 
tained for  the  densities  of  Table  X,  hysteresis  losses  as  given  in 
Table  XI. 

TABLE  X 


H 


2 
3 
4 

6 
10 
20 
30 


B  in 
Steel 

8  000 

10  000 

11  420 

13  330 
15  400 

17  400 

18  200 


B  in 
Soale 

91 
144 
200 

400 
890 
2  960 
4  480 


Flux  in 
0.9  cm2 
of  Steel 

7  200 
9  000 
10  300 

12  100 

13  880 

15  680 

16  400 


Flux  in 
0.1  cnr 
of  Soale 

9 
15 

20 

40 

89 
296 
448 


Total  Flux  or 
apparent  B  of 
Mxture  

7  210 
9  015 
10  320 

12  140 

IS  970 

15  980 

16  850 


TABLE 

XI 

H 

Hyst.  in 
Steel  3 
per  ora* 

Hyst , in 
Steel  „ 
0.9  onT 

Hyst.  in 
Scale 
per  cm 

Hyst,  in 

Scale 
0,1  cm3 

Total 
Hyst.  in 
1  cm5  of 
Mixture 

Log. 
Hyst. 

Log. 

of 
appar- 
ent B 

2 
3 
4 

1  183 

1  695 

2  090 

1  065 
1  525 
1  880 

29.4 
62.0 
104. 

3. 
6. 

10. 

1  068 
1  532 
1  890 

3.029 
3.185 
3,277 

3.858 
3.955 
4.013 

6 
10 
20 
30 

2  690 

3  390 

4  130 
4  420 

2  420 

3  050 
3  700 
3  980 

318. 
1  130. 
7  800. 
14  950. 

32. 
113. 
780, 
1  495. 

2  452 

3  163 

4  480 

5  475 

3.389 
3.500 
3,651 
3.738 

4.084 
4.146 
4.204 
4.226 

For 

steel  11 

=  0.000675 

For  scale  = 

0.0216 

In  Table  XI  are 

also  given 

the  losses 

for  0.9 

cm  of 

steel , 

and 

0.1  cm3  of 

scale,  which,  added 

together , 

gives  the 

total 

hyst- 

eresis  losses  per  cm'  .       The  logarithms  of  the  hysteresis  losses 


and  logarithms  of  apparent  densities  are  also  tabulated.  Plotting 
the  log.  of  hysteresis  and  log.  B,  ve  find  that  the  curve  is  a 
straight  line  to  about    B  s  12  000,  beyond  which  the  increase  in 
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hysteresis  is  greater  than  if  the  1.6  law  held  for  the  mixture, 
Fig.  13.      This  agrees  with  observations  made  by  several  authors 
and  might  easily  account  for  the  apparent  increase  of  hysteresis 
in  sheet  steel  at  high  inductions,  concerning  which  much  has  been 
written.      For  the  straight  part  of  the  curve,  the  slope  is  1.59, 
or  approximately  1.6.      Assuming  the  hysteresis  exponent  to  be  1.6, 
the  higher  inductions  would  show  the  increase  as  given  in  Table  XII 

TABLE    XI T 


B 


7  210 
9  015 
10  320 

12  140 

13  970 

15  980 

16  850 


%  of 
fixture 
(x  =  1.6) 

C. 000721 
0.000716 
0.000716 

0.000716 
0.00C737 
0.0C0842 
0.000946 


hatio 
U  to 
Average  T\ , 


1.00 


1.03 
1.17 
1.32 


Avg.  Ratio  of 
Sheet  Steel 
found  from 
Test  Values 

l.CO 
1.01 
1.04 

1.13 
1.24 


Avg.        for  first  four  points  =  0.000717 

The  increase  of       here  given  is  not  as  great  as  found  by 
test  on  sheet  steel  itself,  but  shows  the  same  nature  and  rate  of 
increase.       In  silicon  sheet  steel  the  scale  and  other  impurities 
in  the  steel  itself  might  easily  be  more  than  10$  of  the  volume, 
and  the  theoretical  curve  would  thereby  show  greater  increase  of  ^ 
and  check  the  test  results  much  closer. 
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